might also cause cancer. It is intriguing that the gene for human bmf is located on chromosome 15q14, the site of a candidate tumor suppressor gene lost in many metastatic, but not primary, carcinomas (25). Anoikis has been implicated as a barrier against metastatic tumor growth (26), raising the possibility that metastatic tumors harboring 15q14 mutations might have abnormalities in the expression or function of Bmf.
clones screened, one positive clone was obtained. Interaction between Mcl-1 and the novel protein was confirmed by ␤-galactosidase staining (11) . Sequence analysis revealed that the clone was a partial one lacking the 5Ј end. This partial clone was used as the probe to isolate full-length clones by screening a cDNA library derived from the p53 -/-KO52DA20 thymoma cell line. Human bmf was isolated by screening a human, activated T cell cDNA library using mouse bmf as probe. To screen for Bmf-interacting proteins, mouse bmf was subcloned into a pGBT-9 derivative harboring the gene for chloramphenicol acetyltransferase as the selection marker. Out of 5 ϫ 10 6 clones screened, 60 positive clones were initially selected. 13 chains or Bmf were generated as described (27) . Antibodies were purified either on a protein-G column (Amersham Pharmacia) or on a Sepharose column conjugated with MAR 18.5 antibody (monoclonal mouse secondary antibody to rat Ig). Monoclonal antibody 11F7 (rat ␥2a/) recognizes mouse and human DLC1 and DLC2, whereas 10D6 (rat /) detects mouse and human DLC1 but not DLC2 [Web fig. 2 6 ) were lysed in 500 l of extraction buffer containing 1% Triton X-100 (28) . Cell debris and nuclei were removed by centrifugation at 2000g. The supernatant was centrifuged for 60 min at 4°C at 140,000g to obtain the filamentous actin-enriched P1 pellet fraction. The remaining supernatant was incubated for 13 min at 37°C with 2 mM paclitaxel and 5 U apyrase (Sigma). This mixture was then loaded on top of a 0.5-ml cushion of 7.5% sucrose (made in the extraction buffer) and centrifuged at 140,000g for 30 min at 30°C. Sedimented material was saved as the dynein-enriched P2 fraction and the supernatant was saved as the S fraction. Fractionation of cell extracts on sucrose gradients was done as described (11 Role of the Nonsense-Mediated Decay Factor hUpf3 in the Splicing-Dependent Exon-Exon Junction Complex V. Narry Kim, Naoyuki Kataoka, Gideon Dreyfuss* Nonsense-mediated messenger RNA (mRNA) decay, or NMD, is a critical process of selective degradation of mRNAs that contain premature stop codons. NMD depends on both pre-mRNA splicing and translation, and it requires recognition of the position of stop codons relative to exon-exon junctions. A key factor in NMD is hUpf3, a mostly nuclear protein that shuttles between the nucleus and cytoplasm and interacts specifically with spliced mRNAs. We found that hUpf3 interacts with Y14, a component of post-splicing mRNA-protein (mRNP) complexes, and that hUpf3 is enriched in Y14-containing mRNP complexes. The mRNA export factors Aly/REF and TAP are also associated with nuclear hUpf3, indicating that hUpf3 is in mRNP complexes that are poised for nuclear export. Like Y14 and Aly/REF, hUpf3 binds to spliced mRNAs specifically (ϳ20 nucleotides) upstream of exon-exon junctions. The splicing-dependent binding of hUpf3 to mRNAs before export, as part of the complex that assembles near exon-exon junctions, allows it to serve as a link between splicing and NMD in the cytoplasm.
Eukaryotic cells have a conserved surveillance mechanism that serves to ensure that only correctly processed mRNAs will be translated to produce proteins (1) (2) (3) (4) . An important example of this is NMD, which selectively degrades mRNAs that contain premature termination codons, thus avoiding the production of potentially deleterious COOHterminal-truncated proteins. For NMD, cells must have the capacity to distinguish premature stop codons from legitimate, wild-type stop codons. In mammalian cells, the legitimate stop codon is almost always found on the last exon in the mRNA. If translation terminates more than ϳ50 to 55 nucleotides (nt) upstream of the last exon-exon junction, the mRNA is subject to rapid decay. This suggests that a mechanism must exist to define exon-exon junctions on mRNAs in the cytoplasm. Such a mechanism would be established by splicing in the nucleus and would persist on the mRNA in the cytoplasm at least through the first round of translation, because translation is required to trigger NMD. Although nucleus-associated NMD has also been suggested (5-9), it is likely that mRNA degradation takes place mostly in the cytoplasm (10, 11) . Recently, splicing has been shown to alter the composition of mRNP complexes (12) (13) (14) . Several proteins have been found to bind to mRNAs produced by splicing on spliced mRNAs, including RNPS1 (15), SRm160 (13, 16 ) , DEK (17 ), Aly/REF (18) , and Y14 (14 ) . Moreover, these proteins bind at a specific position (24 or 20 nt) upstream of exon-exon junctions (19, 20) . This splicing-dependent exon-exon junction complex is dynamic in vivo (19) . Of the proteins identified so far, only the binding of Y14 persists on the mRNAs in the cytoplasm at the same position. Thus, Y14 has the necessary attributes to serve as the mark that indicates premature termination codons, to communicate this information to the cytoplasm, and thereby to trigger NMD. However, it is not known whether Y14 has a direct role in NMD.
The factors that execute the NMD response were first identified in Saccharomyces cerevisiae and were named Upf1p, Upf2p/ Nmd2p, and Upf3p (21-23). Upf orthologs have been found in divergent organisms (24 -29) . Two closely related human Upf3 genes (hUpf3a and hUpf3b) have been identified, each of which produces several variants via alternative splicing (28, 29) . Tethering human Upf3 to the ␤-globin mRNA induces the destruction of the mRNA when bound downstream of a termination codon (28) . The Upf proteins interact with each other; Upf2 interacts with both Upf1 and Upf3 (29, 30) and with translation release factors (31, 32) , suggesting that a NMD trigger complex can form at the time of translation termination. Although hUpf1, hUpf2, and hUpf3 can exist as a complex, they show different subcellular localization patterns (28, 29) . Whereas hUpf1 is distributed throughout the cytoplasm, hUpf2 is concentrated in the perinuclear area. hUpf3, by contrast, is predominantly nuclear and shuttles between the nucleus and cytoplasm. This finding suggests that hUpf3 associates first with mRNA while in the nucleus, and that hUpf2 joins the complex upon export. Later, at the time of translation termination, hUpf1 binds to hUpf2, establishing the surveillance complex that mediates the decapping of the mRNA (28) . Notably, hUpf3 proteins are preferentially associated with spliced mRNAs in vivo, although where and when this binding occurs is not known (28) . These observations raised the possibility that hUpf3 binds to mRNA near exon-exon junctions and thereby participates in communicating the necessary positional information that links the NMD response to splicing.
Because Y14 binds preferentially to mRNAs produced by splicing, immunoprecipitations with antibodies to Y14 can be used to isolate post-splicing mRNP complexes (14) . Post-splicing mRNP complexes share some components with general heterogeneous nuclear RNP (hnRNP) complexes but represent a different population. We first examined whether human Upf3 proteins are present in Y14 complexes. To do so, we transiently expressed hUpf3b with a Flag tag at its NH 2 -terminus in HeLa cells (33) . The nucleoplasmic fraction of transfected cells was prepared and subjected to immunoprecipitations followed by Western blotting (34) (Fig. 1A) . Flag-hUpf3b was coimmunoprecipitated with 4C4, a monoclonal antibody (mAb) to Y14; this result indicates that hUpf3b is associated with Y14 complexes in vivo. A similar experiment showed that Flag-hUpf3a is also associated with Y14 (Fig. 1B) . General hnRNP complexes can be efficiently isolated by immunoprecipitation using hnRNP C protein mAb 4F4 (35) . Because hnRNP proteins bind to nascent transcripts (36 ) , most of the RNP complexes that are isolated from the nucleoplasm by 4F4 immunoprecipitation contain premRNAs and splicing intermediates. The hUpf3a protein is more enriched in mRNP complexes than in hnRNP complexes (Fig.  1B) . As noted previously, hnRNP A1 is more abundant in general hnRNP complexes (14) . The hUpf3a protein appears to be more enriched than Aly/REF in mRNP complexes, which suggests that hUpf3a joins mRNP complexes at a later stage. Similar results were obtained with hUpf3b (37) .
The association of hUpf3 proteins (such Fig. 1 as Flag-hUpf3a or Flag-hUpf3b produced by transfection) with mRNP complexes was further examined by immunoprecipitations using Flag mAB M2 followed by Western blotting with Y14 mAb, Aly mAb, TAP mAb, and hnRNP A1 mAb (Fig. 1C) . This experiment confirmed that hUpf3 proteins are present in complexes that contain Y14. In addition, we found that hUpf3 proteins are coimmunoprecipitated with the mRNA export factors Aly/REF and TAP, indicating that hUpf3 proteins are part of mRNP complexes that are poised for nuclear export. Moreover, these interactions are not abolished by ribonuclease (RNase) treatment, which suggests that the association of hUpf3 with Y14, Aly/REF, and TAP is mediated by protein-protein interactions (Fig. 1C) . In contrast, the coimmunoprecipitation of hnRNP A1 with these proteins is sensitive to RNase treatment, indicating that this interaction is bridged by RNA.
Because hUpf3 proteins were coimmunoprecipitated with Y14 in an RNase-resistant manner, we investigated whether hUpf3 proteins can bind to Y14. hUpf3 proteins were produced by transcription and translation in vitro and used in binding assays with recombinant Y14 fused to glutathione S-transferase (GST) (38) (Fig. 2) . Two abundant nuclear RNA-binding proteins were used as controls-hnRNP A1, which contains two RBDs and an RGG box (39) , and hnRNP K, a KH domain-containing protein (40, 41) -and neither showed detectable binding. We conclude that both hUpf3a and hUpf3b bind specifically to Y14, although we cannot ascertain that the binding to Y14 is direct because of the presence of other proteins in the reticulocyte lysate. It is nevertheless likely that Y14 is involved in the binding of these NMD factors (hUpf3) to spliced mRNAs.
To determine whether hUpf3 proteins stably interact with RNAs under splicing conditions, we spliced adenovirus MLP ⌬IVS (Ad2) pre-mRNA (14) in nuclear extract (42) . In a recent study, Lykke-Andersen et al. (28) reported that antibodies to hUpf3 could not immunoprecipitate RNA from in vitro splicing reactions, which suggests that hUpf3 proteins may become associated with mRNA at a late post-splicing stage, which does not occur efficiently in vitro. To address the same issue (and because recombinant hUpf3 could not be efficiently produced in bacteria), we produced Flag-hUpf3b protein by transient transfection (Fig. 3B ) and added lysates from the transfected cells to the nuclear extract in which the splicing reaction was carried out. We then made use of Flag mAb M2, which is highly efficient in immunoprecipitation. The Flag mAb preferentially immunoprecipitated spliced mRNA (Fig. 3A, lane 7) , displaying a similar pattern to that obtained with Y14 mAb 4C4 (lane 6). In contrast, when lysates from mock-transfected cells (transfected with a plasmid lacking hUpf3b cDNA) were added (Fig. 3, lanes 1 to 4) , Flag mAb did not immunoprecipitate any RNA (lane 3), indicating that hUpf3b is responsible for the pre- Flag-hUpf3b) . The Flag-hUpf3b protein was detected using polyclonal rabbit antibody to Flag.
Fig. 4. hUpf3b is located immediately upstream of exon-exon junctions. (A)
32 P-labeled Ad2 pre-mRNA was incubated under in vitro splicing conditions as in Fig. 3 and subjected to RNase H digestion followed by immunoprecipitations and RNA analysis. Lanes 1 and 2 display the fragmentation pattern of RNAs after splicing and RNase H digestion. Lanes 3 to 7 show the fragments that were immunoprecipitated using the indicated antibodies. 293T cells had been transfected with control plasmid (Flag-pcDNA3, lanes 1 and 3) or Flag-hUpf3b (lanes 2 and 4 to 7). Flag mAb, Y14 mAb 4C4, cap mAb H20, and control nonimmune antibody (SP2/0) were used for immunoprecipitations. (B) Positions of the oligonucleotides and the RNA fragments from the spliced Ad2 mRNA are depicted. The red box indicates the fragment bound to hUpf3b and Y14 (F2). The green box indicates the 5Ј-most fragment (F1).
cipitation of spliced mRNA in this system. Similar results were observed for another splicing substrate, chicken ␦-crystallin (CDC) pre-mRNA (14, 37) .
This system made it possible to map the binding site of hUpf3 on mRNAs (43) . After incubation of 32 P-labeled pre-mRNAs under splicing conditions, antisense deoxyoligonucleotides complementary to specific mRNA sequences were added together with RNase H in order to cleave the mRNA in a sequence-specific manner. We then performed immunoprecipitations with Flag mAb M2, Y14 mAb 4C4, cap mAb H20 (to define the 5Ј fragment) (44), or control nonimmune antibodies (SP2/0). The total RNA fragments and those that coimmunoprecipitated with each of these antibodies were extracted and resolved by polyacrylamide gel electrophoresis. If Flag-hUpf3b preferentially binds to a certain region, Flag mAb should immunoprecipitate the fragment that contains it (19) . Cleavage of the Ad2 mRNA with two oligonucleotides, A10 and A5, generates three major fragments (Fig. 4B) . The results of in vitro splicing of the Ad2 pre-mRNA followed by RNase H digestion and immunoprecipitation are shown in Fig. 4A . The Flag and Y14 mAbs immunoprecipitated specifically the small fragments designated as F2 (ϳ -30 to -5 relative to the exon-exon junction) (Fig.  4A, lanes 4 and 5, respectively) . In contrast, cap mAb immunoprecipitated the 5Ј fragment, confirming the identification of these fragments (Fig. 4A, lane 6) . Experiments with the CDC mRNA produced a similar result (37) , indicating that the position-specific binding of hUpf3b immediately upstream of the exon-exon junction is a general phenomenon.
From these experiments, we conclude that hUpf3 is a bona fide component of the nuclear mRNP complex that is produced by splicing, and that hUpf3 binds specifically upstream of exon-exon junctions. Moreover, hUpf3 interacts with Y14 via protein-protein interaction and thus participates with Y14 in the formation of the complex that assembles -20 nt relative to exon-exon junctions. This splicing-dependent exon-exon junction complex appears to be multifunctional (Fig. 5) . One of its functions is to facilitate the export of spliced mRNAs by recruiting proteins, such as Aly/REF and TAP, that can promote mRNA export (18, 45) . Another likely function of this complex is in NMD. Our findings here suggest that the recruitment of hUpf3 to mRNA is dependent on splicing and occurs in the nucleus where most of hUpf3 is found. Together with other proteins that assemble on the spliced mRNA in the same position, including Y14 and Aly/ REF, hUpf3 likely travels with the mRNA to the cytoplasm. Indeed, Upf3p has been detected on polysomes (46 ) , and it can form a complex with the cytoplasmic protein hUpf1 (28) . Our results provide strong evidence that hUpf3 proteins are part of the imprint or mark that delivers the positional information of the excised introns from the nucleus to the cytoplasm. Thus, the splicing-dependent position-specific binding of hUpf3 to mRNAs likely provides the longsought link between splicing and the NMD pathway.
It can be envisioned that once the mRNA engages the protein synthesis machinery, the leading translating ribosome (or an associated activity) displaces the Y14-hUpf3 complexes from the mRNA. For a normal wild-type mRNA, all the Y14-hUpf3 complexes may be displaced from the mRNA during the first round of translation because the legitimate stop codon is usually found on the last exon. However, if a nonsense mutation occurs more than 50 to 55 nt upstream of the last exon-exon junc- tion, the ribosomes will dissociate from the mRNA before they reach the legitimate termination codon, and thus they will fail to remove the remaining Y14-hUpf3 complex. This remaining complex, because it likely contains hUpf3, could recruit hUpf2 and hUpf1, probably together with components of the termination complex (eRF1 and eRF3), and trigger degradation of this mRNA. There may be additional functions for the exon-exon junction in the cytoplasm, such as influencing the efficiency of translation [which for some mRNAs depends on the splicing pattern of the mRNA (47) ] and the localization of mRNAs. Determining the complete composition and functions of individual components of this complex will shed further light on post-splicing gene regulation.
Communication of the Position of Exon-Exon Junctions to the mRNA Surveillance Machinery by the Protein RNPS1
Jens Lykke-Andersen, * Mei-Di Shu, Joan A. Steitz †
In mammalian cells, splice junctions play a dual role in mRNA quality control: They mediate selective nuclear export of mature mRNA and they serve as a mark for mRNA surveillance, which subjects aberrant mRNAs with premature termination codons to nonsense-mediated decay (NMD). Here, we demonstrate that the protein RNPS1, a component of the postsplicing complex that is deposited 5Ј to exon-exon junctions, interacts with the evolutionarily conserved human Upf complex, a central component of NMD. Significantly, RNPS1 triggers NMD when tethered to the 3Ј untranslated region of ␤-globin mRNA, demonstrating its role as a subunit of the postsplicing complex directly involved in mRNA surveillance.
The maturation of mRNA in eukaryotes involves nuclear processing before cytoplasmic translation. The quality of the mRNA is assessed at different stages. For example, export of mRNA requires successful pre-mRNA splicing, and mRNAs
